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APPARATUS AND METHOD FOR BUILT-IN SELF-TEST 
OF A DATA COMMUNICATIONS SYSTEM 



BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates generally to the testing of data communications 
systems and in particular to an apparatus and method for testing data 
commimications systems using built-in self test. 

2. Description of the Related Art 

Data communications systems are constantly improving in functionality 
and speed. TTiese systems are also becoming smaller and denser as a result of 
advances in integrated circuit technology. As integrated circuits are fabricated 
using increasingly smaller submicron process technologies, multiple subsystems 
can be combined on a single integrated circuit to produce what is referred to as a 
System-On-a-Chip or SOC. 

As more complex systems, particularly mixed-signal systems, are 
implemented as SOCs, however, it has become increasingly difficult to test and 
verify their operation due to several factors. First, the signals generated and used 
by the various subsystems within a SOC are not readily accessible from outside 
the integrated circuit, due to the large number of additional pins that would 
otherwise have to be added to the chip package. Second, the operating 
jfrequencies of SOCs, particularly those used in the latest data communications 
applications, have now reached extremely high speeds, commonly in the GHz 
range. Third, mixed-signal SOCs, which contain both digital and analog circuitry, 
require the testing of both the digital and analog characteristics of the signals that 
they output. 
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A variety of approaches have been devised to test SOCs. A conventional 
testing approach is to apply test vectors to, and measure the response from, the 
SOC through its pins using automated test equipment or ATE. This approach is 
becoming increasingly impractical because ATEs are having difficulty in keeping 
up with the continuously increasing speeds of SOCs. In addition, it is difficult for 
ATEs to adequately test the increasingly complex circuitry of SOCs because the 
ATE is limited to accessing the mtemal circuits of an SOC only through its pins. 
Furthermore, ATEs typically are not capable of testing mixed-signal SOCs 
because they generally are intended for testing either digital or analog integrated 
circuits, but not both. 

Another testing approach, known as built-in self-test or BIST, includes test 
circuitry for testing the SOC on the same integrated circuit substrate as the SOC. 
Consequently, BIST provides an effective way to test the functional operation of 
SOCs at their full operating speed. However, conventional BIST schemes are 
primarily intended to test the functionality of digital circuitry and thus do not 
provide a satisfactory way to verify the exacting timing and voltage specifications 
(i.e., parametric testing) of the high-speed SOCs used in data communications 
applications. 

In view of the shortcomings of the above-described testing approaches, it 
is an object of the invention to provide an apparatus and method for testing high- 
speed data communications systems at thek full operatmg speed. 

SUMMARY OF THE INVENTION 
The present invention comprises an apparatus and corresponding method 
for performing a built-in self-test (BIST) of a data conummications system. The 
apparatus of the invention includes a transmitter, a receiver coupled to die 
transmitter and a test control system coupled to the transmitter and receiver for 
measuring a data error rate of the data communications system. The transmitter, 
receiver and test control system are disposed on a common substrate, such as an 
integrated circuit. 
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An advantage of the invention is that it enables functional and/or 
parametric tests to be performed on the transmitter and/or receiver of the data 
commimications system at the full operating speed of the system. Another 
advantage of the invention is that it allows the data communications circuit to be 
5 thoroughly tested in a relatively short amoimt of time. 

These and other features and advantages of the mvention will be better 
appreciated from the following detailed description of the invention together with 
the appended drawings. 

10 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a block diagram of a data communications system with built-in 
self-test m accordance with a preferred embodiment of the invention. 
Figure 2 is an eye diagram mask for flie transmitter of Figure 1 . 
Figure 3 is an eye diagram mask for the receiver of Figure 1. 
15 Figure 4 is a more detailed block diagram of the data communications 

system of Figure 1. 

Figure 5 is a table containing characterization data for the data 
communications system of Figure 1. 

Figure 6 is a circuit diagram of a prior art differential output buffer. 
20 Figure 7 is a circuit diagram of the adjustable transmitter output buffer of 

Figure 1. 

Figxjre 8 is a circuit diagram of a portion of the adjustable active 
termination circuit of Figure 1 . 

Figure 9 is a block diagram of the receiver link detector 195 of Figure 1. 
25 Figure 10 is a block diagram of the transmitter link detector 197 of Figure 

1. 

Figure 1 1 is a diagram illustrating a board-level loopback test for the data 
communications system of Figure I. 
^ Figure 12 is a block diagram illustrating the normal operation of a pair of 
30 interconnected data communications systems in accordance with a preferred 

embodiment of the invention. 
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Figure 13 is a block diagram illustrating a system-level loopback test for a 
pair of interconnected data communications systems in accordance with a 
preferred embodiment of the invention. 

Figure 14 is a block diagram of a sampling system optionally included in 
5 the data conHnunications system of Figure 1 , 

Figure 15 is a sample graph of bit error rate versus phase relative to an 
optimum sampling position obtained with the sampling system of Figure 14. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

1 0 The present invention comprises a high-speed, data conununications 

system with built-in self-test that is capable of performing both functional (i.e., 
logic) and parametric (i.e., signal amplitude and timing) tests on itself without the 
use of external test equipment. Consequently, the circuit can be tested at 
significantly less cost than conventional testing methods and at clock speeds 

15 beyond the present capabilities of commercially-available automated test 

equipment. The following description is presented to enable any person skilled in 
the art to make and use the invention, and is provided in the context of a particular 
application and its requirements. Various modifications to the preferred 
embodiment will be readily apparent to those skilled in the art, and the generic 

20 principles defined herein may be applied to other embodiments and applications 

without departing firom the spirit and scope of the invention. Moreover, in the 
following description, numerous details are set forth for purpose of explanation. 
However, one of ordinary skill in the art would realize that the invention may be 
practiced without the use of these specific details. In other instances, well-known 

25 structures and devices are shown in block diagram form in order not to obscure 

the description of the invention with unnecessary detail. Thus, the present 
invention is not intended to be limited to the embodiment shown, but is to be 
accorded the widest scope consistent with the principles and features disclosed 
herein. 

30 Figure 1 is a block diagram of a data communications system 100 with 

built-ui self-test in accordance with a preferred embodiment of the invention. The 
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data communications system 100 is tested while connected to an external test 
system 50, as described further below. 

The data communications system 100 may be configured at manufacture 
or installation as either a transmitter or a receiver. As a transmitter, the data 
commimications system 100 receives a TX_IN signal and outputs a TX_OUT 
signal for transmission across a communications channel to an external receiver 
(not shown). As a receiver, the data communications system 100 receives an 
RX__IN signal transmitted across a communications chaimel fi:om an external 
transmitter (not shown) and outputs a RX_OUT signal. In a preferred 
embodiment, the data communications system 100 is implemented on an 
integrated circuit, either alone or with other interconnected circuitry. 

The data communications system 100 includes a transmitter 1 10, a 
receiver 130, an internal test control system 150 and a phase-locked loop (PLL) 
170. In a preferred embodiment of the invention, the data communications system 
100 is disposed on an integrated circuit where all of the elements of the circ\ut are 
contained on a common substrate. Although the data communications system 100 
contains both transmitter and receiver, only one of the circidts is tumed on and 
functional during normal operation. During manufacture, the data 
communications system 100 is placed in a self-test mode in which the transmitter 
110 tests the receiver 130 and conversely, the receiver 130 tests the transmitter 
110. The internal test control system 150 is used to control the transmitter 1 10 
and receiver 130 so as to perform the self-test procedure. The PLL 170 generates 
a clock signal for use by both the transmitter 1 10 and receiver 130. 

In a preferred embodiment of the invention, the data communications 
system 100 also includes an adjustable active termination circuit 190 and a link 
detector circuit 195. The active termination circuit 190 provides termination for 
the conductor(s) of the communications chaimel The link detector circuit 195 is 
used by the receiver 130 to detect the presence of a transmitter 110 connected 
across the conmiunications chaimel 

In a preferred embodiment of the invention, the data communications 
system 100 comprises a Digital Visual Interface (DVI) transmitter or receiver. 
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The DVI transmitter or receiver is used to transmit or receive a digital video 
signal over one or more high-speed (e.g., clock frequency of 250 MHz to 2.5 
GHz) T.M.D.S. (i.e., transition-minimized differential signaling) serial data 
communications channels. In this embodiment, the TX_IN signal received by the 
transmitter 110 comprises 8-bit wide pixel data, which may be generated, for 
example, by a graphics controller. The TX_OUT signal output by the transmitter 
1 10 in this embodiment comprises a high-speed differential signal comprising the 
signal components TX_OUT+ and TX_OUT- for transmission over the T.M.D.S. 
channel. The RX_IN signal received by the receiver 130 comprises the same type 
of signal comprising the signal components RX_IN+ and RX_IN-. The RX_OUT 
signal output by receiver 130 in this embodiment comprises 8-bit wide pixel data, 
which may be transmitted, for example, to a digital display controller. The 
present invention, of course, is not limited to this embodiment In other 
embodiments, the TX_OUT and RX_IN signals may consist of data in a parallel, 
rather than serial, format or a non-differential signal. 

As will be described in detail below, the data communications system 100 
performs a self-test that performs both functional and parametric tests on the 
transmitter 1 10 and the receiver 130 during manufacture. The functional tests are 
performed to determine whether the functionality of the transmitter 110 and the 
receiver 130 is correct. The parametric tests, in contrast, are performed to 
determine whether the electrical characteristics (i.e., signal amplitude and timing 
or jitter) of the output of the transmitter 1 10 and the input of the receiver 130 meet 
the required specifications. 

Figure 2 is an eye diagram mask for the output of the transmitter 1 10 in a 
preferred embodiment of the invention. The eye diagram mask shows some of the 
amplitude and timing requirements for the differential TX_OUT signal output by 
the transmitter 1 10 under test, as specified by the DVT specification, Rev. 1.0. 
The vertical axis is the differential amplitude of the TX_OUT signal in millivolts 
(mV). The horizontal axis is normalized to the bit time (Tbit) of the TX_OUT 
signal at the testing firequency. The shaded area of the eye diagram mask shows 
the maximum allowable overshoot and undershoot for the TX_OUT signal to be 
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output by the transmitter 110. The average differential amplitude of the TX_OUT 
signal corresponding to a logic one is 500 mV. The average differential amplitude 
of the TX_OUT signal corresponding to logic zero is -500 mV. The maximum 
allowable overshoot is 15% of the average differential ampUtude swing of the 

5 TX_OUT signal. The maximum allowable undershoot is 25% of the average 

differential amplitude swing of the TX_OUT signal. Thus, the average 
differential amplitude for the TX_OUT signal corresponding to a logic one, 
including the overshoot and undershoot, is allowed to vary between 250 mV and 
650 mV. Sunilarly, the differential amplitude for the TX_OUT signal 

1 0 corresponding to a logic zero, including the overshoot and imdershoot, is allowed 

to vary between -250 mV and -650 mV. The parametric tests performed during 
the self-test procedure will verify that the TX_OUT signal output by the 
transmitter 110 conforms to these amplitude and timing requirements. It should 
be noted that the voltage levels referred to in the figure are specific to this 

1 5 embodiment of the invention and may be different in other embodiments. 

Figure 3 is an eye diagram mask for the input of the receiver 130 in a 
preferred embodiment of the invention. The eye diagram mask shows some of the 
amplitude and timing parameters for the differential RX_IN signal to be received 
by the receiver 130 under test, as specified by the DVI specification. The vertical 

20 axis is the differential amplitude of the RX_IN signal in mV. The horizontal axis, 

is normalized to the bit time (Tbit) of the RX_IN signal at the testing frequency. 
The shaded area of the eye diagram mask shows the maximum and minimum 
allowable differential voltages for the RX_IN signal to be received by the receiver 
130. The differential amplitude for the RX_IN signal corresponding to a logic 

25 one is allowed to vary between 75 mV and 780 mV. Similarly, differential 

amplitude for the RX__IN signal correspon^mg to a logic zero is allowed to vary 
between -75 mV and -780 mV. When presented with the RX_IN signal havmg 
these parameters, the receiver 130 shall reproduce a test data stream with a 
maximum bit error rate of 10** errors per bit. The parametric tests performed 

30 during the self-test procedure will verify that the receiver 130 reproduces the 
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received RX_IN signal having these amplitude and timing parameters with a bit 
error rate less than or equal to the specified maximum error rate. 

Figure 4 shows the data communications system 100 of a preferred 
embodiment of the invention in greater detail. The data conmiimications system 
100 is shown in the figure with only one channel, although it may actually include 
multiple channels. The transmitter 1 10 includes a transmitter logic circuit 112 
and an adjustable transmitter ou^ut buffer 115. The transmitter logic circuit 1 12 
is used to encode the 8-bit TX_IN signal using the T.M.D.S. algorithm into the 
serial TX_OUT signal. The adjustable transmitter output buffer 1 1 5 is used to 
drive the TX_OUT signal onto the commxmications channel. During the self-test 
procedure, the transmitter ou^ut buffer 115 varies the amplitude and skew of the 
TX_OUT signal under the control of the internal test control system 1 50. 

The receiver 130 includes an adjustable receiver input buffer 132 and a 
receiver logic circuit 135. The adjustable receiver input buflfer 132 is used to 
receive the RX_IN signal firom the communications channel. The receiver input 
buffer 1 32 is connected to the transmitter output buffer 1 1 5 so that the self-test 
procedure may be performed. The receiver logic circuit 135 is used to decode the 
serial RX IN signal using the T.M.D.S. algorithm into the 8-bit RX^OUT signal. 

As previously mentioned, the internal test control system 150 is used to 
control the transmitter 110 and receiver 130 so as to perform the self-test 
procedure. The internal test control system 150 includes a finite state machine 
(FSM) 1 52, one or more test registers 1 54, a pseudo-random number generator 
(PNG) 1 56, a bit-error rate test (BERT) circuit 158. and a cyclic redundancy check 
(CRC) circuit 160. The FSM 152 is used to control the sequence of operations in 
the self-test procedure. The FSM 152 is connected to the various components of 
the data communications system 100 by a bidirectional control bus as indicated in 
the figure. The FSM 152 receives the following signals firom the extemal test 
system 50: TEST, SERIAL^IN, SERIAL_TEST_CLOCK. The FSM 152 outputs 
the SERIAL_OUT signal to the extemal test system 50, which indicates the 
results of the self-test procedure. 
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The test registers 154 contain various data used to control the self-test 
procedure as well as indicate the test results. In a preferred embodiment of the 
invention, the test registers 154 may include a test control register, a test status 
register and a test data register (not shown). 

The PNG 156 is used to generate a pseudo-random sequence of numbers 
input to the transmitter 1 10 as the TXJN signal during the self-test procedure. 

The BERT circuit 158 is used to determine the bit error rate (BER) of the 
transmitter 110 and/or reciever 130. Hie BERT circuit 158 determmes the BER 
by comparing the RX_OUT signal against the expected data, cycle by cycle, for 
the entire test sequence. The BERT circuit 158 mcludes a PNG (not shown) 
similar to the PNG 156 to generate the ejqpected data used in the comparison. The 
PNG of the BERT circuit 158 is synchronized to flie PNG 156 such fliat the PNG 
of the BERT circuit generates the correct expected data for each clock cycle. 

The CRC circuit 160 is an optional component of the data conmiimications 
system 100. The CRC circuit 160 may be used in the self-test procedure to detect 
data errors caused by the transmitter 110 and/or receiver 130. The CRC circuit 
160 inserts a CRC code in the data input to the transmitter 1 10 and verifies that 
the CRC code in the data output by the receiver 130 is correct using conventional 
CRC error detecting algorithms. 

The self-test procedure performed by the data communications system 1 00 
to test the transmitter 1 10 and receiver 130 will now be described. The self-test 
procedure is conducted by connecting the data communications system 100, 
which is typically disposed on an integrated circuit, to an external test system 50. 
In a preferred embodiment of the invention, the external test system 50 comprises 
a relatively simple and inexpensive apparatus that provides an interface to the 
internal test control system 150, such as a personal computer. In other 
embodiments, the external test system 50 may comprise a more sophisticated 
apparatus such as an automated test equipment (ATE) tester. 

The self-test procedure is initiated by placing the data commimications 
system 100 in a self-test mode. The data communications system 100 may be 
placed in the self-test niode by the external test system 50 asserting a test mode 
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signal or setting a bit in the test registers 1 54 of the internal test control system 
150. Alternatively, the data communications system 100 may be placed in the 
self-test mode after installation in a system by appropriately configuring and 
operating the system in which it is installed. Once the data communications 
system 100 is placed in the self-test mode, the internal test control system 150 
conducts the self-test procedure. 

The self-test procedure consists of a functional test and a parametric test 
The functional test is performed to verify the functionality of the transmitter and 
receiver. The parametric test is performed to determine whether the electrical 
characteristics (Le., signal amplitude and timing or jitter) of the output of the 
transmitter 1 10 and the input of the receiver 130 meet the required specifications. 
The functional and parametric tests each consist of a transmitter test for testing the 
transmitter 1 10 and a receiver test for testing the receiver 130. 

In the following description of the self-test procedure in a preferred 
embodiment of the invention, the functional and parametric tests are conducted 
separately. In addition, the transmitter and receiver tests are conducted separately. 
In other embodiments, however, the functional and parametric tests and/or the 
transmitter and receiver tests may be combined in a single test. 

The functional test may be conducted at a relatively low clock speed. The 
functional test for the transmitter and receiver are similar and will be discussed 
together. In the functional test, the PNG 156 of the internal test control system 
150 generates a test sequence consisting of a pseudo-random sequence of numbers 
that are input as the TX_IN signal to the transmitter 110. In response to receiving 
this test sequence, the transmitter 110 generates the TX OUT signal. The 
receiver 130 receives the TX_OUT signal at the RX_IN input and in response, 
generates the RX_OUT signal. The BERT circuit 158 of the internal test control 
system 150 compares the RX__OUT signal output by the receiver 130 against the 
test sequence input to the transmitter 110, cycle by cycle, for the entire test 
sequence to determine the BER of the transmitter 110. The BER is then stored in 
one of the test registers 154 of the internal test control system 150. The external 
test system 50 then reads out the BER from the test register. 
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The external test system 50 uses the BER to detennine whether the 
transmitter 1 10/receiver 130 has passed or failed the functional test based on 
characterization data that is stored in the test system. The characterization data is 
obtained in the laboratory by a process described below. If the BER is less than 

5 or equal to a n^ximum allowable BER, which is empirically determined from the 

characterization data, this indicates that the transmitter 1 10/receiver 130 has 
passed the functional test. However, if the BER is greater than the maximum 
allowable BER, this indicates that the transmitter 1 10/receiver 130 has failed the 
functional test and thus cannot be used. 

10 The parametric test is similar in most respects to the functional test just 

described, except for the following. First, the parametric test is preferably 
conducted in a sequence of progressively higher speeds, starting at the lowest 
operational speed and then increased until the maximum operating speed of the 
data communications system under test is determined. Second, the parametric test 

1 5 measures the BER multiple times over various combinations of amplitude and 

skew of the TX^OUT signal. The amplitude and skew of the TX^OUt signal is 
varied by specified amoimts to detennine if the data communications system 100 
is functioning within the required specifications, as indicated by the eye diagram 
shown in Figure 2 when testing the transmitter and Figure 3 when testing the 

20 receiver. The maximum allowable BER for the various combinations of 

amplitude and skew are empnically determined from characterization data as 
described below. The amplitude and skew of the TX_OUT signal is varied by the 
transmitter output buffer 115 imder the control of the internal test control system 
150. The amplitude and skew of the TX_OUT signal may be further varied by the 

25 adjustable active termination circuit 190, as explained below. Third, the test 

sequence used in the parametric test may be shorter than the sequence used in the 
functional test. Fourth, the transmitter logic circuit 1 12 of the transmitter 110 
may be bypassed so that the TX_IN signal is fed directly to the transmitter output 
buffer 115. 

30 During the self-test procedure, it is desirable to minhnize the skew or jitter 

present in the clock signal of the data communications system 100, to avoid 

11 
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affecting the skew of the TX_OUT signal. In a preferred embodiment of the 
invention, the clock signal jitter is minimized by saturating the output of a phase 
detector (not shown) of the PLL 170. In an alternative embodiment, the clock 
signal jitter is minimized by bypassing the PLL 170 and directly feeding an 
external clock signal to the transmitter 110 and receiver 130. 

Figure 5 is a table containing characterization data for the data 
conmiunications system 100 that is used in the self-test procedure to determine 
whether the system under test conforms to the required specij&cations. The 
characterization data is obtained by varying and measuring various parameters 
from a large number of samples of the data -communications system 100 in the 
laboratory. The table shown in the figure indicates the BER of the data 
communications system 100 measmed at varying amplitude (V) and timing values 
(T) for the TX_OUT signal. The amplitudes listed in the table ranges in value 
from VI to V6. The timings listed in the table ranges in value from Tl to T6. 
The BER listed in the table ranges in value from Bl to B7. The circled entries in 
the table have been determined to conform to the required specifications by direct 
measurement with external test equipment, while the uncircled entries have been 
determined to not be in conformance. This table is provided merely as an 
illustration and may in practice differ significantly depending on various factors, 
such as the clock frequency at which the data communications system 100 is 
tested or the fabrication process used to manufacture the system. 

As mentioned earlier, the characterization data is used by the self-test 
procedure to determine whether the data communications system 100 under test 
meets the required specifications. More specifically, the characterization data is 
used to establish a correlation between the required amplitude and timing 
specifications for the data communications system 100 and the BER measured at 
various amplitude and timing deviations during the self-testing procedure. The 
use of the characterization data in the self-testing process reduces the number and 
complexity of tests that must be performed to determine whether the data 
communications system 100 meets the required specifications. 
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Figure 6 is a circuit diagram of a conventional differential output buffer 
stage 600. A conventional differential output buffer consists of one or more 
stages 600. The differential output buffer stage 600 is described as a point of 
comparison for the transmitter output buffer stage 700 of the transmitter output 
buffer 1 15 to be described next. The differential output buffer stage 600 includes 
transistors 608 and 609, whose gates receive a differential input signal from a 
previous stage of the output buffer. The differential output signal is produced on 
output lines 606 and 607. Current sources 602 and 603 provide current to the 
transistors 608 and 609 and establish the common mode output voltage. Current 
source 601 provides current to transistor 610. Transistors 610 and 61 1 are 
arranged in a conventional current mirror configuration, such that the current flow 
through transistor 610 is multiplied by a factor that is selected during the design of 
the circuit. Thus the current flow through transistor 611 could be, for example, 
five times the current flow through transistor 610. 

Figure 7 is a circuit diagram of an adjustable transmitter output buffer 
stage 700 in a preferred embodiment of the invention. The transmitter output 
buffer stage 700 comprises one of the one or more stages of the transmitter output 
buffer 115. In a preferred embodiment of the invention, the transmitter output 
buffer stage 700 is the final stage of the transmitter output buffer 1 15. As 
previously mentioned, the adjustable transmitter output buffer 115 varies the 
amplitude and skew of the TX_OUT signal during the self-test procedure. 

In this embodiment, the transmitter output buffer 1 15 is a differential 
circuit, although in other embodiments the buffer may be non-differential. The 
transmitter output buffer stage 700 in this embodiment receives a differential 
signal output by a previous stage of the buffer and outputs the TX_OUT 
differential signal onto the communications chaimel. In other embodiments, 
however, the transmitter output buffer stage 700 may output a differential signal 
to a successive stage. 

The transmitter output buffer stage 700 is essentially a modification of the 
prior art differential output buffer stage 600, as will now be described. The 
transmitter output buffer 115 includes transistors 708 and 709, whose gates 
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receive a differential input signal TX_OUT' from a previous stage of the output 
buffer. The components TX_OUT+ and TX_OUT- of the differential output 
signal TX_OUT are produced on output lines 706 and 707, respectively. Current 
sources 702 and 703 provide current to the transistors 708 and 709 and establish 
the common mode voltage of the TX_OUT+ and TX_OUT- signal components. 
The Vctrl signal is used to vary the output of current source 701, which provides 
current to transistor 710. Transistors 710 and 71 1 are arranged in a standard 
current mirror configuration, such that the current flow through transistor 71 0 is 
multiplied by a factor that is selected during the design of the circuit. Thus the 
current flow through transistor 711 could be, for example, five times the current 
flow through transistor 710. 

The Vctrl signal, which is output by the internal test control system 1 50, is 
used to vary the amplitude (i.e., voltage swing) and timing of the TX_OUT signal 
at a relatively slow rate of speed. The Vctrl signal varies the current output by the 
current source 701, which in turn affects the current flow through the transistors 
710 and 71 1 of the current mirror, thereby directly affecting the gain dependency 
of the transistors 708 and 709. During the self test procedure, Vctrl can be varied 
to change the amplitude and timing parameters of the TX_OUT signal, with the 
BER computed for various combinations of amplitude and tuning parameters. 

Transistors 713 and 714 are used to modify the current flow through node 
712 and introduce time domain jitter into the TX_OUT signal. Just as the current 
flow through 71 1 is a multiple of the current flow through 710, the current flow 
through 714 is also a multiple of the current flow through 710. Transistor 713 
operates as a switch, which is normally off and prevents the flow of current from 
current source 714 to node 712. The gate of transistor 713 receives a PNGl signal 
output by the intemal test control system 150. The PNGl signal may consist of 
pseudo-random pulses, which randomly varies the flow of current from current 
sowce 714 into node 712 at a relatively fast rate. This causes the slew rate of 
TX_OUT signal to vary in such a way as to introduces time domain jitter into the 
output waveform. Thus, the PNG signal is is used to vary the amplitude and 
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timing of the TX_OUT signal at a rate of speed that is faster than that produced by 
the Vctrl signal. 

As the amplitude is varied and varying amounts of time domain jitter are 
introduced into the TX_OUT signal, the BER of the data communications system 
100 is computed. The internal test control system 150 will store the test results for 
the varying amplitude and jitter values until enough data has been accumulated to 
determine the relative performance level of the data commimications system 100. 
Such a test can be done at the maximum operational speed of the system or it can 
be started at the lowest operational speed and then increased until the maximum 
operating speed of the device under test is determined. 

Figure 8 shows one of the two adjustable active termination circuits 190 of 
the data communications system 100 in accordance with a preferred embodiment 
of the invention. The data conununications system 100 includes two identical 
active teraaination circuits 190 coimected to the respective conductors 706 and 
707 of the communications channel. Tlie active termination circuit 190 provides 
two functions. First, the active termination circuit 190 provides termination for 
the conductors 706 and 707 at the receiver end of the commimication channel to 
minimize reflections in the TX_OUT signal transmitted over the communications 
channel. Thus, the active termination circuits 190 are turned on and functional 
during normal operation only when the data communications system 100 is. used 
as a receiver. Second, during the self-test procedure, the active termination circuit 
190 varies its impedance Z under the.control of the internal test control system 
150. The varying of the impedance Z introduces varying amounts of reflection in 
the TX_OUT signal, thereby causing amplitude and time-domain jitter variations 
in the signal. 

The active termination circuit 190 includes an impedance 808 consisting 
of an active resistor 809 in series with a passive resistor 810. The active 
termination circuit 190 also includes a reference impedance 803 having an 
impedance Z consisting of an active resistor 804 in series with a passive resistor 
805. The impedance Z of the reference impedance 803 is controlled by a control 
signal received jfrom operational amplifier 802. As part of a negative feedback 
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loop, the operational amplifier 802 compares the voltage drop across resistors 804 
and 805 against a reference voltage Vref to generate a control voltage which 
controls the drain-to-source voltages, and thus the channel resistances, of active 
resistors 804 and 809. Current source 807 limits the current flow through the 
reference impedance 803, The active termination circuit 190 is further described 
in the copending U.S. Patent Application No. 09/490,707, entitled "Active 
Termination Network," and assigned to the assignee of the present application, 
which is hereby incorporated by reference. 

Figure 9 is a block diagram of a receiver link detector 195 in a preferred 
embodiment of the invention. The receiver Imk detector circuit 195 is used in a 
transmitter to detect the connection of a receiver at the other end of the 
communications channel. Block 901 is the transmitter output buffer. 
Comparators 902 and 903 compare the voltages of each of the differential output 
lines of the TX_OUT signal to a reference voltage of zero volts, i.e., groimd. 
When the input voltage to the comparator is zero volts, the comparators will 
generate a low output. When the input to the comparator is above zero, the 
comparators will generate a high output. 

When the transmitter is connected to a receiver, there will be a differential 
voltage on the TX_OUT signals lines, which will cause the output A of 
comparator 902 to go high and the output B of comparator 903 to go high, i.e., A 
= B = high. 

When the transmitter is not connected to a receiver, there will be zero volts 
on the TX_OUT signals lines, which will cause the outputs A and B of the 
respective comparators 902 and 903 to both go low, i.e., A = B = low. Thus the 
receiver hnk detector is able to detect from the transmitter side of a connection, 
whether or not there is a receiver connected at the other end of the link. 

Figure 10 is a block diagram of a transmitter link detector 197 in a 
preferred embodiment of the invention. The transmitter link detector circuit 197 
is used in a receiver to detect the connection of a transmitter at the other end of 
the communications channel. Block 1001 is the receiver mput buffer. 
Comparators 1002 and 1003 compare the voltages of each of the differential 
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output lines of the RX_IN signal to a reference voltage Vx, set at a voltage 
incrementally below Vdd. When the input voltage to the comparator is above Vx, 
the comparator will generate a high output. When the input to the comparator is 
below Vx, the comparator generate a low ou^ut 

When the receiver is connected to a transmittier, there will be a differential 
voltage on the RX_IN signals lines, below that of Vx, which will cause the 
outputs C and D of the respective comparators 1002 and 1003 to both go low, i.e., 
C = D = low, 

When the receiver is not connected to a transmitter, the same voltage, just 
above Vx, will appear on the RX_IN signals lines, which will cause the outputs C 
and D of the respective comparators 1002 and 1003 to both go high, i.e., C = D = 
high. When there is no transmitter present, the voltages on both RX_IN signal 
Imes will go to Vdd. for a DVI channel. A DVI transmission channel is 
terminated at the inputs of the receiver. The terminating resistors are connected 
between Vdd and the input connections to the receiver. Since the terminations are 
to Vdd, the input line voltages will be pulled up to Vdd, when there is no 
transmitter connected to the receiver. Thus the transmitter link detector is able to 
detect from the receiver side of a connection, whether or not there is a transmitter 
connected at the other end of the link. 

Figure 1 1 is a block diagram illustrating aboard-level loopback test for the 
data communications system 100 in accordance with a preferred embodiment of 
the invention. The loopback test is used to test the functionality of a transmitter 
1 10 or receiver 130 of the data communications system 100 at the board level. 
The loopback test is performed by "looping back" the output of a transmitter 110 
of the data communications system 1 00 to the input of a receiver 1 30 of the same 
system and testing the system using a test sequence similar to the self-test 
procedure described earlier. The data communications system 100 provides an 
"autodetect loopback" feature in which the system detects if a loopback test is to 
be performed and if so, automatically configures itself to perform the test. 

The loopback test will be explained for a data communications system 100 
that includes three transmitters 110 corresponding to communications channels 
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CHI, CH2 and CH3. The data communications system 100 is mounted on a 
board 80. Of course, the loopback test can be performed with other 
configurations of the data communications system 100 having two or more 
communications channels. 

The loopback test to test the transmitter 1 10 of channel CHI and/or 
receiver 130 of CH2 is performed as follows. First, ia loopback cable 70 is 
connected to connectors on the board 80 conresponding to the CHI and CH2 
channels. Second, the data communications system 100 senses the connection of 
the loopback cable 70 between the CHI and.CH2 chaimels and automatically 
switches the operation of the channel CH2 from transmitter to receiver. Third, the 
data communications system 100 performs a test sequence that is similar in most 
respects to the self-test procedure described earlier. Fourth, a test logic circuit 
(not shown) on the board 80 reads the test data from the data communications 
system 100 and based on this data, provides an appropriate test result indication. 

If the test results indicate that an error occurred and it is desired to 
determine whether the defect lies in the transmitter 1 10 of channel CHI or the 
receiver 130 of channel CH2, further tests must be conducted. To detemiine if the 
transmitter 1 10 of channel CHI is defective, the above-described test is repeated 
using the transmitter 1 10 of channel CHI and the receiver 130 of channel CH3. If 
this test also produces an error, this suggests that the transmitter 1 10 of channel 
CHI is defective. 

Similarly, to detennine if the receiver 130 . of chaimel CH2 is defective, the 
above-described test is repeated using the transmitter 1 10 of channel CH3 and the 
receiver 130 of channel CH2. If this test also produces an error, this suggests that 
the receiver 130 of channel CH2 is defective. 

Figure 12 is a block diagram illustrating the normal operation of a pair of 
interconnected data conmumications systems in a preferred embodiment of the 
invention. The data conraiunications systems are configured as a transmitter 1202 
and receiver 1203 to create a link between a computer system 1201 and a display 
1204. The computer system 1201 generates digital video data, which is converted 
to serial data by the transmitter 1202. The data is sent to the receiverl203 via 
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communications channels 1205, 1206 and 1207. Receiver 1203 converts the 
serial data into a form that the display 1204 can accept, which may be in the form 
of either digital or analog video signals. 

Built-in self-test capabilities provide new ways to test data 
communications systems, as has been discussed previously. Performing system- 
level tests of data communications systems having BIST capabilities can be done 
in ways that were otherwise not practical or unpossible to perform, as will now be 
described. 

Figure 13 is a block diagram illustrating a system-level loopback test for a 
peur of interconnected data communications systems 1302 and 1303 in apreferred 
embodiment of the invention. The data conununications systems 1302 and 1303 
include multiple communications channels, including channels 1305 and 1306. 
The system-level loopback test is used to verify the operational characteristics of 
the data conununication systems 1302 and 1303 and the communications channels 
that connect the systems. It should be noted that in other embodiments of the 
invention the system-level test may be implemented differently from that shown 
in the figure. 

The system-level test of the data communications systems 1302 and 1303 
is performed under the control of a software program executed by computer 
system 1301. The computer system 1301 initiates the system-level test by placing 
the data commimications systems 1302 and 1303 in a test mode. The computer 
system 1301 then initiates a sequence of steps such that each of the channels of 
the data communications systems 1302 and 1303 can be tested through the 
selective cross-connecting of each of the channels, so that each chaimel can be 
tested by sending data through it in both directions. 

A portion of the system-level test will now be described to illustrate the 
test procedure. In this portion of the test, the computer system 1301 configures 
the data communications system 1302 such that a transmitter is connected to 
channel 1305 and a receiver is connected to channel 1306. The computer system 
conversely configures the data conununications system 1303 such that a receiver 
is connected to channel 1305 and a transmitter is coimected to channel 1306. The 
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computer system 1301 sends a command to the data communications system 1303 
via test bus 1309 and any one of the communications channels to instruct the 
cross-coimect device 1307 to connect the ou^ut of the receiver to the input of the 
transmitter. The computer system 1301 then sends a sequence of test data via bus 
1308 to the transmitter of the data communications system 1302. Next, the 
transmitter transmits the test data via chaimel 1305 to the receiver of the data 
communications system 1303, which then routes the test data to the transmitter of 
the system. The transmitter of the data communications system 1303 then 
transmits the test data via channel 1306 to the receiver of the data 
communications system 1302. Fmally, the BERT contained in the receiver of the 
data communications system 1302 analyzes the received test data and sends the 
results to computer system 1301 for storage and analysis. The computer system 
1301 repeats this procedure by appropriately changing the configuration of the 
data communications systems 1302 and 1303 until all of the channels are 
completely tested. 

In an alternative embodiment of the invention, the system-level test can be 
performed without looping back the test data. In this embodiment, the transmitter 
of the data communications system 1302 sends test data to the receiver of the data 
communications system 1303. The BERT contained in the receiver of the data 
communications system 1303 then sends the BER results back to the computer 
system 1301 via any of the channels not in use during the test. 

In a DVI dual-link system, which includes six channels, the system-level 
test may be implemented as follows. Three of the channels may be used to 
transmit test data from the data commvmications system 1302 to the data 
commimications system 1303. The other three channels may be used to receive 
back the retransmitted test data in a loopback mode or alternatively, receive the 
BERT results. 

Figure 14 is a block diagram of a sampling system optionally included in 
the data communications system 100. The sampling system is used to determme. 
the amoimt of timing jitter present m a signal received by the data 
communications system. 
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The sampling system includes a sampler 1401. The sampler 1401 uses a 
multiphase clock 1408 to generate N samples per data bit period from the data 
channel 1409. The digital data 1409 has certain maximum levels of skew and 
jitter. Test data with certain specific pattern characteristics can also be used as the 
incoming data stream. The N samples are sent to sample selector 1403, which 
analyzes the samples to determine the optimum sample to be used to recover the 
original data stream. The sampler attempts to select the optimum sample in the 
approximate center of every incoming data pulse. As every N samples are 
analyzed and a sample is chosen in the center of the incoming data, the optimirai 
sampling position is stored in sample selection register 1404. 

Test controller 140S uses the sampling position stored in 1404 to select 
one of the N samples coming from sampler 1401. Multiplexer 1406 is used to 
select whichever one of the N samples needs to be sent to BERT 1407 for 
computation of the bit error rate. As the optimum sampling position moves to the 
left or to the right of the initial optimum, the BERT continues its computations 
until enough data has been analyzed. 

After a BER has been determined for the optimum sampling position, the • 
test controller then directs the multiplexer 1406 to select an adjacent sampling 
position in order to generate a BER for that position. The test controller can 
gather additional BERs for sampling positions to the left and right of the optimum 
position. After repeating the BER analysis, a sufficient amount of data will be 
available to generate a graph, as shown in Figure .15. 

Figure 1 5 is a sample graph of bit error rate (BER) versus phase relative to 
an optimum sampling position obtained with the sampling system shown in 
Figure 14. The horizontal axis is the phase of a sampling position relative to the 
optimum, which is at 0. The vertical axis shows bit error rates, as they increase 
from the bottom to the top of the axis. The x's on the graph show BER as 
computed for the various sampling positions indicated. There is a conelation 
between the amount of bit error at any given sampling position and the amount of 
jitter on that edge of a data pulse. 
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While specific embodiments of the invention have been described and 
illustrated, it will be appreciated that modifications can be made to these 
embodiments without departing firom the spirit of the invention. Therefore, it is 
intended that the scope of the invention be defined by the following clahns and 
5 their eqmvalents. 
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CLAIMS 

1 . An apparatus for testing a data communications system, 
comprising: 

5 a transmitter; 

a receiver coupled to the transmitter; and 

a test control system coupled to the transmitter and receiver for measuring a 
data error rate of the data commimications system, 

wherein the transmitter, receiver and test control system are disposed on a 
10 common substrate. 

2. The apparatus of claim 2, wherein the test control system includes: 
a test data generator coupled to the transmitter; and 
an error rate analyzer coupled to the receiver. 

3. A data communications system incorporating built-in self test 

systems, comprising: 

a data communications transmitter; 

a data communications receiver connected to the output of the transmitter; 
a data generator connected to the input of the transmitter; 
a bit error rate analyzer of the output of the receiver; 
storage means for storing predetermined correlations between error rate data 
and the operating specifications of the data communication system; and 

a test controller for performing a sequence of tests on the data 
commimications system and determining the operating characteristics of the 
system under test. 

4. The data communications system of claim 3, wherein the data 
communications system is disposed on an integrated circuit. 

30 

23 



15 



20 



25 



wo 01/73465 



PCTAJSOl/09805 



5. The data communications system of claim 3, wherein the data 
communications transmitter and data communications receiver are configured to 
be compatible with the Digital Video Interface specifications. 

6. An apparatus for testing a data commimications system, 
comprising: 

a transmitter including an adjustable output circuit for generating an ou^ut 
signal havmg at least one parameter, wherein the adjustable output circuit is 
configured so that at least one of the parameters of the output signal may be 
varied; 

a receiver coupled to the transmitter for receiving the output signal; and . 

a controlcircuit coupled to the transmitter for controlling the variation of at 
least one of the parameters of the output signal so as to test the data 
conMnunications system, 

wherein the transmitter, receiver and control circuit are disposed on a common 
substrate. 

7. The apparatus of claim 6, wherein: 

the receiver includes an adjustable input circuit for receiving the output signal, 
wherein the adjustable input circuit has at least one parameter and is configured so 
that at least one of the parameters of the adjustable input circuit may be varied; 
and 

the control circuit fiirther controls the variation of at least one of the 
parameters of the adjustable input cncuit so as to further test the data 
conununications system. 

8. An adjustable output buffer for generating an output signal having 
at least one parameter, comprismg: 

an adjustable circuit portion including an adjustable current source for varying 
at least one of the parameters of the output signal in response to an external 
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control signal. 

9. The adjustable output buflfer of claim 8, further including: 

a second adjustable circuit portion coupled to the adjustable circuit portion 
-including a transistor for varying at least one of the parameters of the output 
signal in response to a second extemal control signal. 

10. An adjustable output buflfer for generating an output signal having 
at least a first parameter, comprising: 

a &st adjustable circuit portionfor varying the first parameter of the output 
signal at a first rate of speed in response to a first external control signal; and 

a second adjustable circuit portion coupled to the first adjustable circuit 
portion for varying the first parameter of the output signal at a second rate of 
speed in response to a second external control signal. 

11. A method for testing a data communications system comprising a 
transmitter, d receiver and a test control system, comprising the steps of: 

generating first test data with the test control system; 
inputting the furst test data to the transmitter; 

generating second test data fi-om the first test data with the transmitter; 
transmitting the second test data to the receiver; 
receiving the second test data with the receiver; 

generating third test data firom the second test data with the receiver; and 
comparing the tMrd test data with the first test data to determine a data error 
rate of the data conmnmications system. 

12. A method for testing a data communications system comprising a 
transmitter, a receiver and a control circuit, comprising (he steps of: 

generating an output signal having at least one parameter with the transmitter; 
receiving the output signal with the receiver; and 

controlling the variation of at least one of the parameters of the output signal 
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SO as to test the data communications system. 

13. An adjustable active termination circuit for connection to a 
conductor, comprising: 

5 a negative feedback loop circuit for generating a control signal based upon a 

reference signal; 

an adjustable impedance circuit coupled to the negative feedback loop cuxjuit 
and to the conductor, the adjustable impedance circuit having an impedance that is 
controlled by the control signal. 

10 

14. A system for detecting the connection of a differential data 
communications receiver to an operating differential data communications 
transmitter, comprising: 

a first analog comparator, wherein: 
15 a first input terminal is connected to a first differential output terminal of 

the transmitter; 

a second input terminal is connected to a reference voltage Vr; and 
an output terminal which transitions to a high state upon the detection of a 
positive voltage difference between the first input terminal voltage and the 
20 V reference voltage; 

a second analog comparator, wherein: 

a first input terminal is connected to a second differential output terminal 
of the transmitter; 

a second input terminal is connected to a reference voltage Vr; and 
25 . an output terminal which transitions to a high state upon the detection of a 

positive voltage difference between the first input terminal voltage and the 
reference voltage; and 

logic means for generating a receiver detected signal when both the output of 
the first analog comparator is high and the output of the second analog comparator 
30 is high. 
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15. The system of claim 14, wherein the reference voltage is at a 
ground potential. 

16. A system for detecting the connection of a differential data 
communications transmitter to an operating differential data communications 
receiver, comprising: 

a first analog comparator, wherein: 

a first input terminal is connected to a first differential input terminal of 
the receiver; 

a second input terminal is connected to a reference: voltage Vr, and 

an output terminal which transitions to a high state upon the detection of a 

positive voltage difference between the first input terminal voltage and the 

reference voltage, 

a second analog comparator, wherein: 

a first input terminal is connected to a second differential input terminal of 

the receiver; 

a second input terminal is connected to a reference voltage Vr; and 

an output terminal which transitions to a low state upon the detection of a 

negative voltage difference between the first input terminal voltage and the 

reference voltage; and 

logic means for generating a receiver detected signal when both the output of 

the first analog comparator is low and the output of the second analog comparator 

is low. 

17. The system of claim 16, wherein the reference voltage is at a 
voltage incrementally below the positive supply voltage. 

18. A method for performing a test of a data communications system 
including a data transmitter having an output and a data receiver having an input, . 
comprising the steps of: 

coupling the output of the data transmitter to the input of the data receiver 
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with a data communications link to provide a loopback connection; 

transmitting &st test data with the data transmitter through the data 
communications link; 

receiving second test data with the data receiver through the data 
communications link; and 

determinmg a data error rate of the second test data received by the data 
receiver, 

19. A method for performing a.test of .a first data communications 
system, comprising the steps of: 

coupling the first data communications system to a second data 
communications system with a data commxmications link; 

transmitting first test data with a data transmitter of the first data 
communications system through a first channel of the data communications link; 

receiving second test data with a data receiver of the second data 
communications system through the first channel of the data commxmications 
link; and 

calculating a data error rate of the second test data received by the data 
receiver of the second data communications system; 

transmitting the data error rate with a data transmitter of the second data 
commimications system through a second channel of the data communications 
link; and 

receiving the data error rate with a data transmitter of the second data 
communications system through the second channel of fbe data communications 
link. 

20. A system for the measurement of timing domain jitter in a digital 
data stream, comprising: 

sampling means for sampling digital input data at N times per data bit period; 
logic means for selecting an optimum sampling position, substantially in the 
center of the data bit period; 
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a bit error rate analyzer for computing the bit error rate at any of the N 
sampling positions; and 

a test controller for performing a plurality of bit error rate computations, 
wherein the computations are conducted for the optimum sampling position, M 
5 sampling positions adjacent and to the left of the optimum position, and P 

sampling positions adjacent and to the right of the optimum position; and 
test correlator means for correlating the bit error rate data with certain amounts of 
timing domain jitter. 
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